This study aims to determine whether the prescription of a detailed lifestyle programme in overweight/obese pregnant women influences the occurrence of gestational diabetes (GDM), and if this kind of prescription increases the adherence to a healthier lifestyle in comparison to standard care. The study was designed as a randomized controlled trial, with open allocation, enrolling women at 9-12 weeks of pregnancy with a BMI ≥ 25 kg/m th and 36 th weeks. A total of 131 women completed the study (I = 69, SC = 62). The diet adherence was higher in the I (57.9%) than in the SC (38.7%) group. GDM occurred less frequently in the I (18.8%) than in the SC (37.1%, P = 0.019) group. The adherent women from either groups showed a lower GDM rate (12.5% vs. 41.8%, P < 0.001). After correcting for confounders, the GDM rate was explained by allocation into the I group (P = 0.034) and a lower BMI category (P = 0.039). The rates of hypertension, preterm birth, induction of labour, large for gestational age babies and birthweight > 4000 g were significantly lower in I group. The incidence of small for gestational age babies was not different. These findings demonstrate that the adherence to a personalized, hypocaloric, low-glycaemic, low-saturated fat diet started early in pregnancy prevents GDM occurrence, in women with BMI ≥ 25 kg/m 2 .
Introduction
High pre-pregnancy body mass index (BMI) and excessive gestational weight gain (GWG) are associated with many unfavourable maternal and neonatal outcomes (Cedergren 2006; Hedderson et al. 2006; Stotland et al. 2006; Leddy et al. 2008) . Overweight/obese women should be counselled regarding their body weight before conception (ACOG 2005 ; NICE public health guidance 27 2010); however, most women have access to obstetricians only when they are pregnant. The Institute of Medicine (IOM) revised the guidelines of recommended GWG according to the BMI (Rasmussen & Yaktine 2009) ; however, only a minority of women succeed in reaching the target GWG (Carmichael et al. 1997; Abrams et al. 2000; Cedergren 2006) . Among the interventions aimed at preventing excessive GWG (Muktabhant et al. 2015) , few have demonstrated efficacy in high-risk populations (Wolff et al. 2008; Thornton et al. 2009; Quinlivan et al. 2011) ; the principal issues are population heterogeneity (Polley et al. 2002; Jeffries et al. 2009; Luoto et al. 2011; Phelan et al. 2011) , the interventional methods, (Wolff et al. 2008; Thornton et al. 2009; Quinlivan et al. 2011) and the timing of the interventional programmes (Polley et al. 2002; Tieu et al. 2008; Wolff et al. 2008; Jeffries et al. 2009; Thornton et al. 2009; Callaway et al. 2010; Luoto et al. 2011; Phelan et al. 2011; Quinlivan et al. 2011) . Additionally, lifestyle interventions did not have a substantial effect on other clinical outcomes. Dietary advice to prevent gestational diabetes mellitus (GDM) appears to be beneficial in general, although the results are overly heterogeneous (Tieu et al. 2008) . A systematic review concerning exercise alone (Han et al. 2012 ) demonstrated no effect on preventing GDM, whereas another study showed only a slight protective effect (Russo et al. 2015) .
Unfortunately, most of the reports evaluating the efficacy of diverse approaches (exercise, diet, lifestyle interventions, dietary supplements) to prevent GDM are of poor quality (Facchinetti et al. 2014) .
Adherence to lifestyle recommendations could be a major determinant of their efficacy, specifically among overweight/obese women. Previous studies investigated adherence to specific dietary patterns (EnglundOgge et al. 2014; Gaskins et al. 2014; Hillesund et al. 2014) and their effect on pregnancy outcomes; however, no study has investigated adherence among overweight/obese pregnant women and its effect on the onset of GDM.
This study aimed to determine whether the prescription of a lifestyle programme, consisting of diet and physical activity, in overweight and obese women could affect the occurrence of GDM. It also aimed to determine whether this kind of prescription influences the adherence to healthier eating habits, and how this, in turn, can influence the occurrence of GDM.
Research design and methods

Study design
This study was a prospective, randomized, open-label, controlled trial that was approved by the local ethics committee and registered at clinicaltrial.gov as NCT01783210. All volunteers provided written informed consent.
Pregnant women with a pre-pregnancy BMI ≥ 25 kg/m 2 , an age >18 years and a singleton pregnancy were recruited by clinicians who were not otherwise involved in the study from the public antenatal clinics in Modena, Italy, and were enrolled between their 9 th and 12 th weeks of pregnancy at the Obstetric Unit of the Mother-Infant Department of Azienda Ospedaliero-Universitaria, Policlinico di Modena, from February 2013 to June 2014. The exclusion criteria were chronic diseases, including diabetes mellitus (first trimester glycosuria >100 mg/dL or fasting plasma glucose ≥126 mg/dL, which are part of the routine tests prescribed in antenatal clinics and are performed in the first trimester, or random glycaemia ≥ 200 mg/dL), hypertension, medical conditions or dietary supplements that might affect body weight (i.e. thyroid diseases), previous bariatric surgery, contraindications to exercise and intent to deliver outside of our hospital. Additionally, previous GDM and smoking habits (≥5 cigarettes per day), which are both risk factors for GDM development (Solomon et al. 1997) , were considered exclusion criteria to reduce the confounders possibly predisposing participants to GDM or influencing GWG; the results were thus concentrated only on the possible effects of diet and exercise.
Eligible women who agreed to participate were randomly assigned to the Intervention group (I) or the standard care group (SC). The randomization list was obtained by computer-generated random allocation with a 1:1 ratio. The allocations were sealed in numbered white envelopes, which were kept in the midwifery facility. After eligibility was assessed, a midwife opened the next random envelope. Because of the study design, the gynaecologist and the dietitian knew the group allocation of the patient. The dietary and physical interventions, prescribed according to the group of allocation, are later described.
Eating habits were investigated through a food frequency questionnaire (FFQ) at enrolment and again
Key messages
• In overweight/obese pregnant women the compliance to changes in lifestyle is poor (a quarter is lost to follow-up).
• A customized, prudent (low-glycemic, low saturate fat), hypocaloric diet started in the first trimester halved the occurrence of GDM and the use of insulin.
• The higher is the adherence (switching to prudent diet), the lower is the occurrence of GDM, hypertensive disorders and LGA babies. Personalizing diet through a dedicated dietitian increases the adherence, thus improving outcomes. 
Dietary intervention
At enrolment, each woman attended a counselling session lasting approximately 1 h with a dietitian, who either gave general recommendations on diet and physical activity (SC) or prescribed a personalized dietary intervention (I) with extensive explanation of meal subdivision and possible food substitutions, according to the group of allocation. Only one dietitian was involved in the study; thus, she met with women from both groups. The women in the SC group received a simple nutritional booklet regarding lifestyle, which was in accordance with the Italian Guidelines for a healthy diet and physical activity during pregnancy (ISS 2011; SINU 2012) . The dietitian counselled the women on avoiding food with a high glycaemic index, reducing the consumption of food with a high saturated fat content and increasing the consumption of vegetables and fruit with a low glycaemic index. However, no specific indication on food quantities, caloric intake, meal composition or meal distribution was given. All the women in the SC group received the same standard recommendations.
The women in the I group received specific, personalized instructions and the dietary intervention consisted of the prescription of a low-glycaemic, lowsaturated fat diet with a total intake of 1500 kcal/day. In light of the additional physical activity programme, 200 kcal/day for obese and 300 kcal/day for overweight women were added (Mello & Buti 2010) . The prescribed diet was based on the wide consumption of plant foods, cereals, legumes and fish, with olive oil as the main source of fat, and moderate to no consumption of red wine. The dietary plan provided three main meals and three snacks (breakfast, snack, lunch, snack, dinner and evening snack before bedtime); for each meal or snack, the pregnant women had several alternatives, all of which were suitably calibrated. The diet had a target macronutrient composition of 55% carbohydrates (80% complex carbohydrates with a low glycaemic index and 20% simple carbohydrates), 20% protein (50% animal and 50% vegetable) and 25% fat (12% mono-unsaturated, 7% polyunsaturated and 6% saturated) with moderately low saturated fat levels. The daily recommended calories were divided into small frequent meals to avoid ketonuria and acidosis, which frequently occurs because of prolonged fasting. The daily intake of carbohydrates was at least 225 g/day, which is sufficient to prevent ketosis (Bier et al. 1999) . The primary focus of the dietary intervention was decreasing the consumption of foods with a high glycaemic index and a high saturated fat content by substituting them with healthier alternatives based on the taste and preferences of the women.
Physical intervention
The physical intervention was focused on developing a more active lifestyle. The physical activity prescription was consistent with recommendations by the ACOG (ACOG 2002) and the ACSM (Pivarnik et al. 2006) for pregnant women. The subjects were advised to participate in 30 min of moderate intensity activity at least three times a week. The 'talk test' (being able to maintain a conversation during activity) was suggested to monitor the exercise intensity. Independent of the group of allocation, all women received the prescription of physical activity.
Follow-up examinations
The follow-up examinations were scheduled for the 16 th , 20 th , 28 th and 36 th weeks of pregnancy with both the gynaecologist and the dietitian. The participant's weight was measured at each follow-up visit. In addition, women in the I group were interviewed by the dietitian about their eating and physical habits at each follow-up examination and then counselled about possible dietary changes when necessary, whereas women in group SC were simply asked about their adherence to the suggested lifestyle.
Data collection
At enrolment, the obstetric, family and personal histories of the participants were collected by a gynaecologist and the dietitian; in particular, parity and family history of diabetes and hypertension were recorded. The weight (using the BIA Tanita, Tokyo, Japan) and height (using a stadiometer) of the subjects were measured. Weight measurements were always performed on unclothed subjects. The pre-pregnancy BMI was calculated as the self-reported pre-pregnancy weight (kg)/height (m) 2 . At enrolment, each subject completed the FFQ to investigate her eating habits in the previous month. The FFQ was then completed again at the 36 th week of pregnancy, investigating their eating habits in the previous month, to evaluate their compliance with the prescribed/suggested nutritional changes. The women who did not attend the 36 th week examination received a phone call from the clinicians to conduct the interview. The participant's weight was measured at each followup examination as reported above. After the last examination, women were told to measure their weight every 2-3 days. The last weight measurement before delivery was self-reported by each subject either during their stay at the hospital after delivery or by phone. For all participating women, whether their weight gain at each follow-up visit and at delivery was below the suggested upper limits of weight gain was recorded. The limits for weight gain were defined by the IOM (3 kg in the first trimester plus 0.33 kg/week in the second and third trimester for overweight women; 2 kg in the first trimester plus 0.27 kg/week in the second and third trimester for obese women) (Rasmussen & Yaktine 2009 The obstetrician in charge of the enrolled women was blind to the allocation group. The data regarding the delivery and the newborns were collected from the clinical records by two residents who were blind to the allocation group. In particular, the mode of and gestational age at delivery, birth weight, Apgar score at the 5 th minute, and need for resuscitation and admission to a neonatal intensive care unit (NICU) were recorded. The birth weight centile was calculated in relation to the gestational age according to a large Italian study on neonatal anthropometrics (Bertino et al. 2010) . Large for gestational age (LGA) was defined as a birth weight ≥ the 90 th centile; small for gestational age (SGA) was defined as a birth weight ≤ the 10 th centile.
The protocol that was originally published in ClinicalTrials.gov has since been modified. We changed the primary outcome from GWG after acknowledging that GWG is only a proxy outcome and is influenced by a number of factors that may be independent from diet and physical activity. In fact, GWG can be the result of different changes in body composition, in terms of fat mass, fat-free mass and water, which could vary widely from one subject to another and be unrelated to pregnancy outcomes. We then decided to focus on a common pregnancy complication and shifted the primary outcome to GDM, which has a significant impact on pregnancy management and outcomes and, from an epidemiological point of view, includes overweight and obesity as major risk factors. The primary outcome was therefore changed (GDM rate replaced GWG occurrence) as well as secondary outcomes (GDM was removed and additional outcomes included as reported below). These changes were made before the preliminary analyses.
The primary outcome was the occurrence of GDM. The secondary outcomes were GWG, adoption of healthy nutrition practices (evaluated through FFQ), rate of pregnancy-induced hypertension (PIH) and preterm birth (PTB), mode of delivery, birth weight and its distribution, Apgar score at 5 min, need for resuscitation and rate of (NICU) admission.
FFQ and the diet adherence score
The proposed FFQ was a questionnaire that investigated both frequency and quantity of the consumption of approximately 40 types of food, primarily to evaluate the intake of saturated fat, carbohydrates with a highglycaemic index and fibre. The development, reproducibility and validity of the test have been described in previous studies BohlscheidThomas et al. 1997; da Vico et al. 2012) . In the analysis of eating patterns, we considered the consumption of the following to be positive habits: (1) at least two servings per day of raw or cooked vegetables; (2) a maximum of 30 g of sugar per day (including simple sugars, sweetened beverages and sweet foods); and (3) foods rich in saturated fats (including butter, margarine, cheese and sauces) at a maximum of 3 times a week. A score (ranging from 0 to 3) was calculated, assigning one point to each category of the class of foods/nutrients described above. If a woman remained within the suggested range of consumption, she scored a 1; otherwise, she scored a 0. This score was intended to be an index of adequate nutrition and was considered to be an indicator of the adherence to the prescribed diet. The subjects who scored at least two out of three were considered to have properly adhered to a healthy diet, independent of the group of allocation.
Statistical analysis
According to previous observations, we expected a GDM occurrence of approximately 40% in overweight/obese women. The power of the study was calculated with the hypothesis that the intervention was able to reduce the occurrence of GDM by 50%. Thus, 60 women per arm would be sufficient to observe a statistically significant difference.
To compare the continuous variables, the Student's t-test was employed. A Chi-squared test was used for the categorical variables. For the demographic variables, we used the frequencies and Student's t-test comparisons. A logistic regression was used to evaluate the determinants for GDM occurrence and diet adherence with respect to the confounding variables. The data are reported as the mean ± SD or numbers with % in brackets. We considered a P-value less than 0.05 as the threshold for statistical significance. The data were analysed with SPSS Statistics software v 21.0 (SPSS Statistics software v 21.0, IBM Corp., Armonk, NY, USA).
Results
Two hundred and thirty-eight women would have been eligible during the period of the study. Of them, 47 refused to participate; therefore, we randomized 191 women. Ninety-six subjects were allocated to the I group and 95 to the SC group. The sociodemographic characteristics at the time of randomization are summarized in Table 1 .
The BMI categories, including morbidly obese women (I group: 10; SC Group: 8), were equally distributed. The occurrence of miscarriages was 7.3% in the I group and 6.3% in the SC group. Overall, 47 women were lost to follow-up, leaving 69 women in the I group and 62 in the SC group to be analysed. The flow chart of the study is reported in Fig. 1 .
The women who were lost to follow-up, when compared with the women who remained in the study, were younger (30.1 ± 5.9 vs. 31.7 ± 4.9 years, respectively, P = 0.04), had a lower education (50% vs. 33.6%, P = 0.037) and were more frequently overweight (41.7% vs. 26%, P = 0.029). Ethnicity and parity did not seem to differ between the dropouts and the women who completed the study.
In the I group, only two women (2.9%) missed one follow-up visit, whereas in the SC group, nine women (14.5%) missed one follow-up visit, and four women (6.5%) missed two follow-up visits (P = 0.003), including two cases who delivered before 36 th week.
The maternal weight at enrolment and GWG measured at follow-up are reported in Table 2 At enrolment, the FFQ showed that only 12 women in the SC group (19.4%) and 12 women in the I group (17.4%) had adequate nutritional intake in the previous month (FFQ score ≥ 2). Of the women who had a low FFQ score (≤1) at enrolment (50 in the SC group, 57 in the I group), 14 (28%) in the SC group and 28 (49.1%) in the I group improved to a FFQ score ≥ 2 at the 36 th week (P = 0.026). Thus, the percentages of the women with adequate consumption of vegetables, sugar and saturated fat at 36 th week was significantly higher in group I than in group SC (Table 3) . Two women in group I and 2 women in the SC group showed mild ketonuria (detectable but <30 mg/dL). The SN and DPA were not different between the obese and the overweight women at the enrolment and follow-up, independently of the allocation group. Overall, the occurrence of GDM was lower in the I group than in the SC group (18.8% vs. 37.1%, respectively, P = 0.019). GDM diagnosed at the 16 th -18 th weeks of pregnancy was lower in group I than SC, although this difference did not reach statistical significance (11.6% vs. 24.2%, respectively, P = 0.058). Insulin treatment was required in 6/13 cases in the I group and in 12/23 cases in group SC.
Considering the whole population in the study and merging the two groups, GDM occurred more frequently in obese (33%) than in overweight women (11.8%; P = 0.017), whereas the GWG at delivery was significantly lower in obese (8.9 ± 7.2 kg) than in overweight women (12.4 ± 6.1 kg; P = 0.011).
Interestingly, the FFQ score obtained by each woman at the 36 th week was inversely related to the occurrence of GDM. Indeed, the GDM rate was 48.3% (14/29) in women with a FFQ score = 0 (poor diet), 36.8% (14/38) in women with a FFQ score = 1, 13.3% (6/45) in women with a FFQ score = 3 and 10.5% (2/19) in women with a FFQ score = 4. For the purpose of our study, however, we used FFQ scores as a dichotomous variable and considered 'healthy eaters' those who scored a 2 or 3 and 'bad eaters' those who scored a 0 or 1. As reported above, adherence to a healthy diet (FFQ at week 36 ≥ 2) was significantly related to a lower occurrence of GDM (12.5% in the adherent women and 41.8% in the nonadherent ones, P < 0.001). This difference was particularly evident in the sub-group of obese women (12.5% among adherent women vs. 53.1% among nonadherent women, P < 0.001). The different rates of GDM between the adherent and non-adherent women were still present when separately considering the I group (10% vs. 31%, respectively; P = 0.027) and the SC group (16.7% vs. 50%, respectively; P = 0.008).
In the logistic regression, GDM occurrence was explained by the group of allocation (P = 0.034) and the pre-pregnancy BMI (P = 0.039) after adjusting for confounders (family history of diabetes, age ≥ 35 years, Caucasian ethnicity), while adherence to a healthy diet was explained only by the group of allocation (P = 0.043), after adjusting for confounders (low education, BMI ≥ 30, age ≥ 35 years, sedentary work, Caucasian ethnicity).
The incidences of PIH, PTB (two spontaneous deliveries and three inductions of labour because of uncontrolled PIH) and induction of labour were significantly 33.9 ± 5.7 34.5 ± 6.8 0.587 GWG at enrollment (kg)
1.6 ± 3.6 2.2 ± 3.7 0.392 GWG at 16 th week (kg) 2.7 ± 4.1 2.7 ± 4.3 0.964 GWG at 20 th week (kg) 4.8 ± 4.7 4.8 ± 5.3 0.993 GWG at 28 th week (kg) 7.2 ± 5.7 6.8 ± 5.5 0.642 GWG at 36 th week (kg) 9.5 ± 6.4 9.1 ± 6.7 0.749 Self-reported GWG at delivery (kg) 10.1 ± 7.4
9.4 ± 6.8 0.557 lower in group I. The incidence of LGA babies was significantly lower in group I, as was the number of newborns with a birth weight >4000 g, whereas the incidence of SGA babies was similar between the two groups (Table 4 ). An Apgar score ≤ 7 at the 5 th minute was recorded in five cases in the SC group and four cases in group I. Newborns requiring resuscitation (8) as well as those admitted to the NICU (3) were very few and did not differ between the groups. There were two stillbirths in the SC group.
Discussion
Previous studies have found that specific lifestyle interventions could improve some pregnancy outcomes in overweight and obese women. However, no study has focused on the role of adherence to the prescribed lifestyle changes as a strong determinant of their efficacy. In particular, no study has evaluated whether adherence to healthy nutrition practices could influence pregnancy outcomes in that population. Our study aimed to determine whether a lifestyle intervention, consisting of individualized counselling by a dietitian with the prescription of a hypocaloric, low-glycaemic, low-fat diet associated with physical activity and a close follow-up, could have an effect on GDM occurrence and how adherence, in terms of the successful adoption of healthier eating habits, could influence this outcome.
GDM occurrence was greatly reduced in the group of women receiving the prescribed lifestyle intervention with respect to those receiving generic counselling only. Moreover, GDM prevention was more evident in women who had a higher adherence to the programme, as demonstrated by changes in their nutritional intake. Adherence to healthy nutrition can thus be considered a strong determinant of the efficacy of the intervention.
The FFQ score that we used to identify women's eating habits could be considered an effective tool for collecting dietary intake. However, as FFQ is a self-reported, semi-quantitative method investigating the consumption of specific classes of food, its reliability is still a topic of discussion (Erkkola et al. 2001; Barbieri et al. 2015) .
A recent meta-analysis of the literature (Bain et al. 2015) reported that combined diet and exercise interventions have no clear effects on the occurrence of GDM, but no firm conclusions were drawn because of the heterogeneity of the interventions and the included populations. Of paramount importance, few, if any, studies addressed the issue of compliance, and only half of them recorded a healthier diet (lower consumption of high fat and high glycaemic index food) or increased physical activity.
Several secondary outcomes of pregnancy were evaluated in our study, including the rates of PIH, PTB and LGA infants, which were reduced in the intervention group, whereas the rate of SGA infants remained unaffected. These results are consistent with those of a recent meta-analysis (Thangaratinam et al. 2012) . The reduction in the rate of LGA babies, with an identical rate of SGA, demonstrates that a hypocaloric yet nutritionally balanced diet in overweight or obese women does not cause fetal growth restriction, which could be a major concern among physicians. Moreover, the reduction in LGA babies could be beneficial in reducing short-and long-term issues, including a major risk of developing cardiovascular and metabolic diseases in adult life (Catalano & Ehrenberg 2006) . Despite the observed improvement in maternal and neonatal outcomes, GWG remained unaffected by the behavioural intervention. This finding is in contrast with other reports (Wolff et al. 2008; Thornton et al. 2009; Quinlivan et al. 2011) and even with our previous pilot study . Other authors (Polley et al. 2002; Jeffries et al. 2009; Guelinckx et al. 2010; Luoto et al. 2011) have demonstrated that various interventions have no effect on limiting GWG.
The latest revision of a Cochrane review (Muktabhant et al. 2015) found that diet or physical activity or both are effective in preventing excessive GWG in this population. In our study, for unknown reasons, women allocated in the control group were even more active than those in the intervention group, and this could possibly have limited their GWG. It is possible that women in the SC group, who had a higher GDM occurrence, were more motivated to engage in physical activity than women in the I group. However, it is notable that in both groups, the number of steps/day and the time spent on physical activity were above the suggested values.
On the other hand, it has to be considered that GWG is just an approximate marker because an identical increase in weight could lead to a diverse body composition. Thus, it would be more meaningful, in terms of metabolic impact, to evaluate the effect of an intervention not solely on GWG but on the changes in fat and fat-free mass. As a further limitation, GWG at delivery was self-reported by women, and it shows a possible informational bias. Throughout pregnancy body weight was objectively measured by the investigators, and the rate of women not exceeding recommended GWG remained stable around 40-50%, while, unexpectedly, self-reported body weight before delivery showed around 75% of women not exceeding recommended GWG. Self-reported GWG cannot, therefore, be considered a reliable measurement.
This study demonstrates that the current practice of providing general lifestyle advice to overweight/obese women through leaflets or directly by providers is not sufficient to reduce the occurrence of GDM and other related complications such as LGA and macrosomia. There could be several reasons for this, including the following: poor motivation, which could cause the intervention to be ineffective; inadequate communication; or difficulties experienced by the women in implementing general or excessively vague daily life recommendations.
A structured, multidisciplinary approach, using a programme that includes a personalized low-glycaemic hypocaloric diet, physical activity motivation and planned follow-up, could address these issues and increase adherence to a healthier lifestyle.
To reach this goal, several efforts are required, including the participation of a consultant dietitian and dedicated staff to implement a close follow-up. However, despite all of the resources available, approximately a quarter of the women were lost to follow-up, suggesting that a remarkably greater effort is required to motivate and maintain the interest of obese pregnant women.
In conclusion, a healthier lifestyle prescription for overweight/obese women, consisting of a personalized, hypocaloric, low-glycaemic diet with a low content of saturated fat associated with moderately intense physical activity, reduced the occurrence of GDM through a significant improvement in eating habits.
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